The largest U.S. population exposed to low-level radioactivity released by an accident at a nludear power plant is composed ofresidents near the Three Mile Island (TMI) Plant on 28 March 1979. This paper (a collaboration of The University of Pittsburgh and the Pennsvania Department of Health) reports on the mortality experience ofthe 32,135 membrs in this cohort for 1979-1992. We analyzed standardized mortait ratios (SMRs) using a local comparison population and performed relative risk regression modeing to assess overall mortality and specific cancer risks by confounding factors and radiation-related exposure variables. Total mortality was significantly elevated for both men and women (SMRs m 109 and 118, respectively). All heart disease accounted for 43.3% of total deaths and demonstrated elevated SMRh for heart disease of 113 and 130 for men and women, respectivefr however, when controlling for confounders and natural background radiation, these elevations in heart disease were no longer evident. Overall cancer mortality was similar in dtis cohort as compared to the local population (iale SMR = 100; female SMR = 101). In the relative risk modeling, there was a significant effect for all lymphatic and hematopoietc tissue in males in relation to natural background exposure (p = 0.04). However, no trend was noted. We found a significant linear trend for female breast cancer risk in relation to increasing levels of TMI-related likely y-exposure (p = 0.02). Although such a relationship has been noted in other investigations, emissions from the TMI incident were significantly lower than in other documented studies. Therefore, it is unlikely that this observed increase is related to radiation exposure on the day of the accident. The mortality surveillance of this cohort does not provide consistent evidence that radioactivity released during the TMI accient has a significant impact on the mortality experience ofthis cohort to date. However, continued follow-up of these individuals will provide a more comprehensive description of the morbidity and mortality experience of the cohort. Key wordk dose-response relationship, epidemiology, ionng radiation, mortality, neoplasms, nudear reactors. Environ Health Ppect 108:545-552 (2000). [Online 28 April 2000] btp:llebpnetl.niehs.nibxv/docsI2000/108P545-552talbot/abstrat.html An incident at the Three Mile Island (TMI) nuclear power plant on 28 March 1979 produced a relatively small environmental release of radioactivity that consisted primarily of xenon and iodine radioisotopes. Scientists computed individual maximum and likely yand (3-radiation doses based on residential location and the amount of time each person spent in the 5-mile area during the 10 days after the accident (1). Gur et al. (1) determined that the average likely and maximum whole-body y-doses for individuals in this area were 9 mrem (0.09 mSv) and 25 mrem (0.25 mSv), respectively. The radiation from the TMI nuclear accident was considered minimal as compared to the approximately 300 mrem (3 mSv) annual effective dose received by an individual in the United States from natural background (X).
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Although it has been postulated that radiation from a nuclear accident and natural background radiation exposures act on the biologic system in the same way (3, 4) and that the health effects produced by these types of radioactivity are indistinguishable, available human data are insufficient to confirm this hypothesis (5) . In addition, the long-term consequences from low-dose radiation are clearly of recent concern to the public. Consequently, soon after the TMI incident, public health researchers began to monitor whether this brief low-dose radiation exposure exerted any effects on the health of those people living near the nuclear facility. Past research efforts included a survey conducted by the Pennsylvania Department of Health (PDoH; Harrisburg, PA) on the > 35,000 people living near the TMI facility (1, 6, 7) . The survey included a characterization of the radiation exposure to local inhabitants and a careful follow-up of the local inhabitants' mortality and cancer morbidity status over time (1, 6, 7) . This population provides a unique opportunity to study the long-term health effects associated with low levels of radiation. Given this opportunity, it is important to assess whether the absence of increased physical health effects can be observed in this low-level radiation-exposed population to confirm the estimates of several scientific reports that such health consequences were unlikely (8).
Within 2 months of the accident, the PDoH developed and implemented a TMI Population Registry to track possible health effects to the local population (9) . This registry was a special population census conducted within a 5-mile radius of the TMI facility to ascertain the number and characteristics of the local residents, including sociodemographic information, medical history, cigarette smoking status, and previous radiation exposure history. It was estimated that 93-94% of the targeted population was interviewed, with < 4% of the canvassed households either refusing to respond or unobtainable for other reasons. The registry included 35,946 individuals living within the 5-mile radius of the TMI nuclear reactor (9) .
An initial mortality follow-up study by the PDoH examined mortality from 1979 to 1985 (6) . Age-adjusted standardized mortality ratios (SMRs) were calculated to determine if the number of observed deaths among the TMI cohort was greater than what would be expected in the TMI population. Regression modeling demonstrated that neither estimated maximum nor likely whole-body y-doses were associated with all-cause, noncancer, or total cancer mortality when controlling for the confounding factors. The authors cautioned that the 6-year follow-up period was short when evaluating most cancers.
In 1985, a separate study was initiated by Columbia University; the study sought to ascertain cancer cases that occurred before and after the TMI accident (10, 11) . The study cohort induded individuals who resided within a 10-mile radius of the TMI nuclear facility and encompassed nearly 160,000 persons. The study area was divided into 69 study tracts and cancer cases within each tract were ascertained for the 1975-1985 period. Estimates of emissions delivered to these tracts were derived from mathematical dispersion models; the model of accident emissions was validated by readings from off-site dosimeters. Pre-and postaccident trends in cancer rates for the 10-year time period were examined. Cancer rates were adjusted for population density, income, and education. Analyses were limited because personal risk factor information (i.e., smoking and education) was not collected. For accident emissions, the researchers failed to find definite effects of exposure on the cancer types and population subgroups studied. No association was seen for leukemia in adults or for childhood cancers as a group. However, non-Hodgkin lymphoma showed elevated risks relative to both accident and routine emissions; the odds ratios assuming a 5-year latency were 2.0 [95% confidence interval (CI), 1. whole-body y-doses from the TMI accident radio-activity releases based on residential location and the amount of time each person spent in the 5-mile area during the 10 days after the accident.
The present study assigned natural environmental background exposure estimates (not including TMI radioactivity releases) based on a direct measurement recorded with a scintillation detector and associated instrumentation from a 1976 airborne radon survey (12) . These data were applied to the portion of the Hatch et al. (10) (13) .
We computed expected counts of deaths by multiplying average annual race-, sex-, age-, and time-specific mortality rates by the person-years at risk in the corresponding race-, sex-, age-, and time-specific intervals in the cohort. We (14) , which is maintained at the University of Pittsburgh.
Excess and deficit mortalities were expressed as SMRs. We identified statistically significant deviations of the SMR below and above 100, indicating deficit and excess mortality risks, respectively, using Poisson probabilities. No formal probability adjustments were made for the multiple statistical comparisons performed. Because of the small numbers of nonwhite cohort members, we based these analyses on white cohort members only.
Relative risk (RR) regression. We used RR regression to investigate the dependence of the internal cohort rates for six outcomes of interest, including all malignant neoplasms; cancer of the bronchus, trachea, and lung (BTL); cancer of the breast (females only); cancer of the lymphatic and hematopoietic tissue excluding chronic lymphocytic leukemia and Hodgkin disease (LHT); cancer of the central nervous system (CNS); and all heart disease. We chose the four cancer sites because of their radiosensitive nature (15) . We excluded chronic lymphocytic leukemia and Hodgkin disease from further analysis in the all lymphatic and hematopoietic tissue cancer grouping because they rarely have been linked to radiation exposure (16) . We analyzed these outcomes on combinations of the three exposure-related covariates and the potential confounding factors. Natural background radiation was considered a predictor variable as well as a confounding variable in the maximum and likely y-models.
We performed the RR modeling separately for each of the six time-to-event outcomes. For each outcome, we constructed risk sets from the cohort data file, with age as the primary time dimension. A risk set consisted of a case (cause-specific outcome) and all other cohort members who were alive and at risk at the age that the case died. To adjust for birth cohort effects, we restricted the risk sets to include only individuals born within 1 month of the corresponding case. We constructed the risk sets using the RISK-SET module of the OCMAP-PLUS software (13) .
Multiplicative RR models of the form X(4 = Xo(t) exp[x(t)3] were fit to the internal cohort rates. Mathematical details of the models are given elsewhere (17) (18) (19) . In this model, X0(t) is the hazard of an event at age t for an individual with baseline levels of all covariates; x(t) is a vector of covariates (exposures and/or confounders), and ,B is the corresponding parameter vector estimated by partial likelihood. We used the conditional logistic regression program in STATA (20) to estimate i from the explicidy constructed risk sets.
The potential confounders considered included smoking (never or ever), education at the time of the accident (< 12 or . 12 years), work in a radiation field (ever, never, or unknown), and external background radiation (low, low medium, or high). The radiation-related exposure variables included estimated maximum and likely y-exposure during the 10 Estimated radiation levels on the day of the accident. Figure 1 shows the maximum and likely y-radiation levels for the UPitt/PDoH TMI cohort during the 10 days after the accident (4 Environmental Health Perspectives * VOLUME Additionally, all maximum and likely y-models were adjusted for level of background radiation exposure.
As shown in Table 6 , even though background exposure was not a significant predictor of male cancer risk, the RRs for the low-medium and high-medium groups were elevated (RRs = 1.00, 1.14, and 1.14, respectively). Neither maximum 7y-exposure nor likely 7-exposures were significant predictors of cancer risk with RRs < 1. Because smoking was a significant individual predictor of cancer mortality, the models adjusting for smoking were also fit for the three exposurerelated risk factors. No significant predictors were noted after adjusting for smoking, although the individual RRs for external background exposure (with adjustment for smoking) were still elevated (RRs = 1.00, 1.14, and 1.14).
Although not shown, both smoking and education were univariate significant predictors of risk (p < 0.001 and p = 0.03, respectively) for male BTL cancer. The individual RRs for natural background level of exposure exhibited an increasing trend (RRs = 1.00, 1.03, and 1.55; p = 0.06). This trend in the estimates for background exposure was further attenuated after controlling for smoking and education (p = 0.14). After adjustment for smoking, education, and background radiation level, neither maximum nor likely y-radiation levels were significant predictors of male BTL cancer.
The RR models for all cancer of LHT in males show that only natural background exposure was a significant predictor of risk (p = 0.04), with no apparent trend with increasing levels of exposure. Some levels of maximum 7y-exposure were elevated but not statistically significant after adjustment for background radiation exposure.
The RR models for cancer of the CNS in males (Table 6) were fit using the exact logistic regression module in LogXact (21) (because of the small number of cases, n = 6). None of the variables was a statistically significant predictor of risk, although some levels of maximum 7-and likely 7-exposure were elevated. The CIs on the individual estimates are extremely wide because ofdata sparseness.
The RRs for maximum 7-exposures were suggestive of a protective effect for heart disease in males. Because both smoking and education were significant predictors of heart disease (p < 0.001), models for the exposure variables were fit controlling for both factors. After adjustment for these confounders as well as for natural background radiation, maximum y-radiation remained significant (p = 0.04), but there was no apparent trend. As shown in Table 7 , the results for all malignant neoplasms for females show no statistically significant predictors after control for smoking. The results for BTL cancer for females show both the smoking (results not shown) and likely y-exposure were significant predictors. Likely gamma exposure remained statistically significant after controlling for smoking and background radiation (p = 0.03).
For the models for all LHT in females, only education was a statistically significant predictor of risk (results not shown). Natural background exposure was borderline statistically significant (p = 0.09).
There were also data sparseness problems with the modeling of CNS cancer in females (Table 7) . No individual variables were significant predictors of risk.
There were no potential confounders or exposure variables that were statistically significant for female breast cancer. However, there were elevated RRs for both maximum yexposure and likely y-exposure that exhibited increasing trends with level of exposure (RRs = 1.00, 1.20, and 1.40; RRs = 1.76, 1.76, and 2.42, maximum and likely, respectively).
Only the trend for likely y-exposure was statistically significant.
For heart disease in females (Table 7) , all risk factors were individually statistically significant. Risk estimates for background exposure were elevated with a statistically significant trend apparent (estimated risk ratios were 1.00, 1.23, and 1.30, respectively; trend p = 0.007). After controlling for smoking and education, this association was attenuated and no longer significant. Maximum y-and likely y-exposures both exhibited a significant negative association with all heart disease when environmental background was included as a confounder. These relationships remained significantly negative after additional control for education and smoking (p = 0.005; p < 0.001, respectively).
Discussion
The current study presents the most extensive follow-up of the mortality experience of the 32,135 individuals living within a 5-mile However, the largest contributor to overall 100 and 101, respectively). The SMR for deaths. No control was made for confoundmortality was all heart disease, accounting heart disease was significantly elevated for ing factors in that investigation. (15) . Cancer of the thyroid was also initially chosen because of its radiosensitive nature (23) (24) (25) (26) . However, there were no deaths from thyroid cancer in this cohort.
There was a significant overall effect for natural background radiation exposure in the low-medium category (RR = 2.41) for cancers of the LHT in males. However, there is no dose-response relationship of LHT and increased background levels. Hence, this relationship is probably due to other confounders or risk factors not accounted for in this analysis.
We observed a borderline significant increasing trend in risk with increasing natural background radiation for lung cancer in males, which is similar to the findings of Hatch et al. (10) . After adjusting for smoking status and education level in our study, this trend was further attenuated (p = 0.14). Higher mean levels of indoor radon exposure have been documented in the TMI geographic area (27) . It has been suggested that indoor radon concentrations, a known risk factor for lung cancer (15, 16) , may be correlated with natural background radiation (28) . Thus, it is conceivable that the observed increase in risk may be associated with indoor radon exposure. A significant overall relationship between likely y-exposure and BTL cancer was observed in females even after controlling for background radiation exposure, education, and smoking status. However, there was not a consistent dose-response trend in this relationship.
Although there was no overall significant effect of likely y-exposure to the risk of breast cancer in women, an intriguing finding of this study was a significant linear trend in the RR regression for day-of-theaccident likely y-exposure and breast cancer mortality (p = 0.02) and a nonsignificant trend for maximum 7-exposure (p = 0.30). There is a well-established relationship of ionizing radiation and breast cancer risk that has been demonstrated in numerous studies, (15, 16, (29) (30) (31) (32) . However, all of these studies reflect considerably higher absorbed doses than those in the present study. The precise levels of risk associated with low doses and low-dose rates remain uncertain (15, 16, 29) . In addition, the current study did not gather information on parity, age at menarche, radiation therapy, and family history of breast cancer, which are all well known breast cancer risk factors. Additional follow-up studies such as a nested case-control design may be warranted if the present trend of an increase in breast cancer risk with accident emissions continues over time.
Additional radioactivity exposure from the TMI accident included a P-radiation dose of the released noble gases to the skin and the internal dose from the inhaled and digested radionuclides. P-Radiation is less penetrative than y-radiation and has a shorter range in air (30 inches for xenon-133). Considering shelter, clothing, and other shielding factors, the health impact from fradiation was substantially reduced to an unknown extent (33) . The internal dose was estimated to constitute no more than 0.4-9.4% of the total whole-body dose (34 In conclusion, the mortality surveillance of this cohort to date does not provide consistent evidence that low-dose radiation releases during the TMI accident had any measurable impact on the mortality experience. Most notably, the increased risk of mortality for heart disease in males and in females, observed overall, was no longer apparent after controlling for confounders and natural external background radiation. However, because the latency period for most cancers is 15 years or more, continued follow-up will provide a more comprehensive description of the mortality experience of the people residing in the TMI area at the time of the accident (15) . In addition, the PDoH cancer registry will be an invaluable resource in assessing whether the cancer incidence experience of this cohort mirrors the mortality risks seen in the surrounding three-county area. 
